The purpose of this animal study is to evaluate, by histomorphometric analysis, bone regeneration in rabbit's maxillary sinuses with blood clots alone, Bio-Oss, β-tricalcium phosphate (β-TCP), and demineralized tooth dentin (DTD) grafting. Bilateral sinus augmentation procedures were performed in 18 adult male rabbits. Rectangular replaceable bony windows were made with a piezoelectric thin saw insert. In the group 1, blood clots were filled; group 2, anorganic bovine graft (Bio-Oss) was grafted; group 3, β-TCP was grafted; group 4, DTD was grafted, and covered by replaceable bony windows. Animals were sacrificed at 2, 4, and 8 weeks after surgical procedure. The augmented sinuses were evaluated by histomorphometric analysis using hematoxylin and eosin and Masson's trichrome stains. Histologically, new bone formation was revealed along the elevated sinus membrane and all graft materials. The new bone area of the group 2 was significantly greater than the group 1, and of the group 3 was significantly greater than the group 2, and of the group 4 was significantly greater than the group 3 at 8 weeks with P<0.05. The bone marrow area of group 1 was significantly greater than other groups at 8 weeks. The DTD area was significantly lesser than Bio-Oss or β-TCP particles area at 8 weeks. This present study suggests that DTD can be effective graft materials for bone regeneration of the maxillary sinus augmentation.
Introduction
Maxillary sinus augmentation is an established surgical procedure indicated for the improvement of posterior maxillary bone height when enough bone is not present for the installation of endosseous implants [1] [2] [3] [4] [5] . The new compartment created between the floor of the maxillary sinus and the elevated sinus membrane is typically filled with autografts, allografts, xenografts, alloplasts, or combinations of different graft materials to maintain space for new bone formation [6] [7] [8] . Autograft has been considered to be the gold standard, because of its regenerative osteogenicity, osteoinductivity, and osteoconductivity [9] . However, many clinicians do not prefer autograft due to complications of donor site, limited amount of grafts and increased surgical time [10, 11] . Other graft materials such as bovine bone or synthetic bone have been an alternative choice over autogenous bone grafting. However, these substitutes are osteoconductive and mainly function as space makers with volume preservation [12] [13] [14] .
Demineralized autologous tooth dentin has been introduced as a new alternative to autogenous bone graft as it has osteoinductivity [15] [16] [17] . Dentin is known to have similar inorganic and organic components to alveolar bone [18] .
Demineralization of particulate dentin is known to release diverse growth factors to induce bone regeneration [19] . An extracted tooth from the patient can be used as noble bone graft material after appropriate decalcification and sterilization process, in block or particulate form, and it has been widely used for ridge and sinus augmentation [20] . However, the histomorphometric comparison of newly formed bone in the maxillary sinus with graft materials in use and demineralized tooth dentin is rare.
The purpose of this study was to compare bone regeneration after maxillary sinus augmentation using graft materials and demineralized tooth dentin by means of a histologic and histomorphometric evaluation.
Materials and Methods

Animals
This study used 18 adult male New Zealand white rabbits that weighed from 2.8 to 3.2 kg (average 3.0 kg) as experimental animals. This study was approved by the Animal Care and Use Committee at Daegu Catholic University Medical Center (DCIAFCR-160703-3-Y).
Materials
The rabbit's maxillary sinus filling material was divided into 4 groups, as follows: group 1, control, blood clots; group 2, anorganic bovine graft (Bio-Oss, Geistlich AG, Wolhusen, Switzerland); group 3, β-tricalcium phosphate (β-TCP; Cerasorb M, Curasan, Kleinostheim, Germany); and group 4, demineralized tooth dentin (DTD).
Preparation of DTD
Extracted permanent teeth without caries or fillings were collected and soft tissue attached in teeth was removed with blade or rotary with coolant. After sterilization of teeth with sterilization reagent (peracetic acid ethanol solution) in a vacuum-ultrasonic device (VacuaSonic System, CosmoBioMedicare Co., Seoul, Korea), the sterilized teeth were stored at -20°C before preparing tooth bone. Teeth was crushed and into powders of 0.8-1.0 mm in size on experimental day and demineralization using 0.6 N hydrochloride was done for 15 minutes under vacuum compression and ultrasonic vibration. The DTD was then washed with phosphate buffered saline (PBS), sterilized with sterilization reagent and consecutively washed again with PBS and distilled water. All steps, including demineralization, washing, and were processed following manufacturer's instructions.
Surgical procedures
The 18 rabbits were used and three sinuses were assigned to each group. All rabbits received the same surgical procedures. General anesthesia was induced with a combination of 30 mg/kg ketamin (Ketalar, Yuhan Co., Seoul, Korea) and 10 mg/kg xylazine (Rompun, Bayer Korea, Seoul, Korea) intramuscularly, and 0.5 ml of lidocaine with 1;100,000 epinephrine was injected subcutaneously along the midline of the nasal dorsum. Each rabbit was stabilized on the surgical table and skin and periosteal incisions were made at the middle of the nasal dorsum to expose nasal bone and the nasoincisional suture line. A rectangular replaceable bony window, about 3 mm×10 mm, was made with a thin saw insert (S-Saw, Bukbu Dental Co., Daegu, Korea) connected with a piezoelectric device (Surgybone, Silfradent srl, Sofia, Italy). Two replaceable bony windows were made at both nasal bones and windows were located about 20 mm anterior to the nasofrontal suture line and 5 mm away from the middle suture line. The sinus mucosa was elevated with a blunt-ended curette carefully to avoid membrane perforation, anteroventrally to accommodate the bone graft. In the group 1, blood clot was filled in the new compartment under the elevated sinus membrane and the replaceable bony window was repositioned. In the group 2, approximately 0.25 cc of anorganic bovine graft (Bio-Oss, Geistlich AG) was grafted. In the group 3, β-TCP (Cerasorb M, Curasan) was grafted. In the group 4, DTD was grafted. Group 1 and group 2 were grafted in same rabbit's bilateral sinuses, and groups 3 and 4 were grafted in the other rabbit's bilateral sinuses. The muscular tissue was sutured with a nylon suture 4-0 (Blue nylon, Ailee Co., Busan, Korea). All animals were administered antibiotics intramuscularly with Gentamycin (Donghwa Co., Seoul, Korea), 20 mg/kg for 3 days postoperatively.
Tissue preparation
The rabbits were sacrificed at 2, 4, and 8 weeks under general anesthesia after all intramuscular injection. The augmented sinus was segmented with a microsaw from the cranium and fixed with neutral buffered formalin for 24 hours and washed with 0.1 M phosphate buffer solution and 10% formic acid for 10 days. The specimen was embedded in paraffin (Paraplast, Oxford, St. Louis, MO, USA) and sliced coronally into serial sections 5-μm thick. Both augmented sinuses were included in the specimen to compare at the same Anat Cell Biol 2018;51:S1-S12 S3
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Histomorphometric analysis
Ten randomly selected fields from each group were photographed using the AxioCam MRc5 (Carl Zeiss, Jena, Germany) interfaced with the Axiophot Photomicroscope (Carl Zeiss), and the AxioVision SE64 (Carl Zeiss) program was used for analysis. The following histomorphometric measurements were made: total augmented area, graft material (BioOss, β-TCP, or DTD) area, newly formed bone area, mature lamella bone area, bone marrow area, and connective tissue area. In the group 1, the percentage of newly formed bone was analyzed as the percentage of newly formed bone area to the total augmented area. In the groups 2, 3, and 4, the percentage of newly formed bone was analyzed as the percentage of the newly formed bone area to the total augmented area, except for the Bio-Oss, β-TCP, or DTD particle area. The mature lamella bone was defined as a red color structure containing osteocytes in MT stain.
Statistical analysis
For the data processing and statistical evaluation, appropriate validated software was used (version 25.0, IBM Corp., Armonk, NY, USA). The statistical significance of differences between intra-and intergroup was evaluated by one-way analysis of variance (ANOVA) with Tukey method. The quantitative results were expressed as means±standard deviation and the P-value of <0.05 indicated statistical significance.
Results
Histological analysis
Bio-Oss and β-TCP particles were lightly stained, and DTD was stained with various colors, and all graft materials were well differentiated from surrounding tissue in H&E and MT stains. Host bone or lamella bone was stained red, and newly formed bone or woven bone was stained blue in MT stain. No signs of inflammation were shown in all groups by H&E and MT stains under light microscopy. New bone formation changed in the new compartment under the elevated sinus membrane throughout the experimental period in all groups ( Fig. 1) . 
Group 1
At 2 weeks, central areas of the new compartment under the elevated sinus membrane were filled with blood clots, and many blood vessels were revealed in the connective tissue around the blood clots. Active new bone formation was observed under the elevated sinus membrane and the floor of replaced bony window, and many osteoblasts were observed there (Figs. 1A, 2A). At 4 weeks, abundant new bone formation was seen in the new compartment of the maxillary sinus, and many osteocytes were seen in the newly formed bone. Blood vessels and some adipose tissue were observed around newly formed bone. Many osteoblasts and some osteoclasts were observed on the surface of the newly formed bone (Figs. 1E, 2B, C). At 8 weeks, more thickened new bone was found than at 4 weeks. Bone marrow around new bone was more prominent, and many active osteoblasts were revealed on the surface of newly formed bone. The density of the bone marrow was highly increased compared with that at 4 weeks. Most of newly formed woven bone was replaced by mature lamellar bone. The area of the maxillary sinus was decreased compared with that of 4-week group (Figs. 1I, 2D).
Group 2
At 2 weeks postoperatively, new bone formation was revealed the floor of replaced bony window, under the surface of the elevated sinus membrane and around the lateral wall of the maxillary sinus. Newly formed bone was revealed partially on the surface of the Bio-Oss particles, and many osteoblasts and some osteoclasts were observed on the surface of newly formed bone (Figs. 1B, 3A) . At 4 weeks, new bone on the floor of replaced bony window was thicker, and new bone formation increased along the Bio-Oss particles on the surface of the elevated sinus membrane and around the lateral wall of the maxillary sinus. Newly formed bone on the surface of the Bio-Oss particles increased compared with those of 2 weeks, and more soft tissue and blood vessels were evident around the Bio-Oss particles (Figs. 1F, 3B ). Eight weeks after surgery, newly formed bone was thicker and observed on the most of Anat Cell Biol 2018;51:S1-S12 S5
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Bio-Oss surfaces. A lot of mature lamellar bone was revealed inside the newly formed bone and space of bone marrow containing adipose tissue was observed on the floor of replaceable bone. The density of Bio-Oss particles was similar to that of the 4 weeks (Figs. 1J, 3C , D).
Group 3
At 2 weeks, new bone formation was revealed the floor of replaced bony window and under the surface of the elevated sinus membrane. Central areas of the new compartment under the elevated sinus membrane were filled with blood coats, β-TCP particles and connective tissue.
Newly formed bone was revealed partially on the surface and inside of the β-TCP particles, and soft tissue with osteoblasts and blood vessels were observed around the newly formed bone (Figs. 1C, 4A ). Four weeks after surgery, new bone formation increased along the β-TCP particles on the floor of replaced bony window and on the surface of the elevated sinus membrane. Newly formed bone on the surface and inside of the β-TCP particles increased compared with those of 2 weeks, and more soft tissue and blood vessels were evident around the β-TCP particles. Some mature lamellar bone was revealed inside the newly formed bone (Figs. 1G,  4B ). At 8 weeks, the thickness and the density of new bone were highly increased, and abundant bone marrow tissues were observed around the newly formed bone. Most of newly formed woven bone in the new compartment of the maxillary sinus was replaced by mature lamellar bone. Many osteoblasts and some osteoclasts were observed on the surface of the newly formed bone and β-TCP particles. The size and the density of β-TCP particles were decreased compared with that at 4 weeks (Figs. 1K, 4C, D) .
Group 4
Two weeks after surgery, new bone formation was revealed the floor of replaced bony window and around the lateral wall of the maxillary sinus. Newly formed bone was expanded from the replaceable bone and revealed partially on the surface of the DTD. Many osteoblasts were observed on the surface of newly formed bone (Figs. 1D, 5A ). At 4 weeks, new bone formation increased along the DTD on the floor of replaced bony window and in the central areas of the new compartment. Newly formed bone on the surface of the DTD was thicker and increased compared with those of 2 weeks, and more connective tissue and blood vessels were revealed around the DTD and the newly formed bone. Some mature lamellar bone was revealed inside the newly formed bone. The density of DTD was decreased compared with that at 2-week group (Figs. 1H , 5B). Eight weeks after the operation, the thickness and the density of new bone were highly increased at 4-week group. A lot of mature lamellar bone was revealed inside the newly formed bone and space of bone marrow containing adipose tissue was observed on the floor of replaceable bone and nasal bone. Many osteoblasts were observed on the surface of the newly formed bone and some osteoclasts were observed on the surface and around of the DTD. The size and the density of DTD were decreased compared with that at 4-week group (Figs. 1L, 5C , D).
Histomorphometric analysis
New bone area
In the group 1, the percentage of newly formed bone to the area of the augmented sinus at 2, 4, and 8 weeks was 8.46±1.88, 17.80±2.63, and 12.10±2.71%, respectively. Oneway ANOVA and post hoc comparisons showed that the new bone area at 4 weeks was significantly greater than at 2 weeks, and 8 weeks was significantly lesser than at 4 weeks with P<0.05. In the groups 2, 3, and 4, the percentage of newly formed bone to the area of the augmented sinus at 2, 4, and 8 weeks was 16 28 .09±1.51%, respectively. In the group 2, the new bone area at 8 weeks was no significant different than at 2 weeks and 4 weeks with P<0.05. In the groups 3 and 4, the new bone area at 8 weeks was significantly greater than Anat Cell Biol 2018;51:S1-S12 S7
www.acbjournal.org at 2 weeks and 4 weeks with P<0.05. The new bone area of the group 1 was significantly lesser than other groups at 2 weeks. The new bone area of the all groups was no significant different at 4 weeks. The new bone area of the group 2 was significantly greater than the group 1, and of the group 3 was significantly greater than the group 2, and of the group 4 was significantly greater than the group 3 at 8 weeks with P<0.05 (Fig. 6A) .
Lamella bone area
In the groups 1, 2, 3, and 4, the percentage of mature lamella bone to the area of the augmented sinus at 4 and 8 weeks was 2.21±0.69%, 10.45±2.10%; 1.48±0.30%, 4.85±0.47%; 1.46±0.40%, 4.04±0.52%; and 1.31±0.30%, 4.70±0.59%, respectively. The mature lamella bone area of group 1 was significantly greater than other groups at 8 weeks with P<0.05 (Fig. 6B) .
Total bone area
The total bone is the sum of the newly formed bone and the mature lamellar bone. In the group 1, the percentage of total bone to the area of the augmented sinus at 2, 4, and 8 weeks was 8.46±1.88%, 20.01±2.73%, and 22.55±3.07%, respectively. The total bone area at 4 weeks was significantly greater than at 2 weeks, and 8 weeks was no significant difference than at 4 weeks. In the groups 2, 3, and 4, the percentage of total bone to the area of the augmented sinus at 2, 4, and 8 weeks was 16.09±1.52%, 20.38±2.23%, 24.50±1.99%; 15.05±1.21%, 21.58±2.40%, 27.94±1.51%; and 17.71±2.20%, 22.04±2.25%, 32.79±1.54%, respectively. The total bone area at 8 weeks was significantly greater than at 2 weeks and 4 weeks with P<0.05. The total bone area of the group 1 was significantly lesser than other groups at 2 weeks. The total bone area of the all groups was no significant different at 4 weeks. The total bone area of the group 2 was no significant difference than the group 1, and of the group 3 was significantly greater than the group 2, and of the group 4 was significantly greater than the group 3 at 8 weeks with P<0.05 (Fig. 6C) .
Bone marrow area
In the groups 1, 2, 3, and 4, the percentage of the bone marrow area of the augmented sinus at 4 and 8 weeks was 9.88±2.17%, 42.72±2.93%; 7.71±3.28%, 22.08±2.45%; 7.40±1.55%, 21.96±3.52%; and 7.35±3.15%, 29.67±3.22%, respectively. The bone marrow area of group 1 was significantly greater than other groups at 8 weeks. The bone marrow area of group 4 was significantly greater than groups 2 and 3 at 8 weeks with P<0.05 (Fig. 7A) .
Connective tissue area
In the group 1, the percentage of the connective tissue area to the area of the augmented sinus at 2, 4, and 8 weeks was 91.54±1.88%, 70.11±3.84%, and 34.72±4.01%, respectively. In the groups 2, 3, and 4, the percentage of the connective tissue area to the area of the augmented sinus at 2, 4, and 8 weeks was 83.91±1.52%, 71.90±5.38%, 53.42±4.01%; 84.95±1.21%, 71.01±3.31%, 50.10±4.47%; and 82.29±2.20%, 70.61±5.11%, 37.54±3.66%, respectively. The connective tissue area of group 1 was significantly greater than other groups at 2 weeks. The connective tissue area of groups 1 and 4 were significantly lesser than groups 2 and 3 at 8 weeks with P<0.05 (Fig. 7B) . 
Graft material area
In the group 2, the percentage of augmented Bio-Oss to the area of the augmented sinus at 2, 4, and 8 weeks was 36.74±3.94%, 32.97±2.59%, and 35.21±3.16%, respectively, and no significant difference was found. In the group 3, the percentage of augmented β-TCP to the area of the augmented sinus at 2, 4, and 8 weeks was 37.19±3.08%, 29.43±3.20%, and 21.01±3.40%, respectively. The β-TCP area at 4 weeks was significantly lesser than at 2 weeks, and 8 weeks was significantly lesser than at 4 weeks. In the group 4, the percentage of augmented DTD to the area of the augmented sinus at 2, 4, and 8 weeks was 44.41±5.26%, 28.25±3.68%, and 14.04±3.17%, respectively. The DTD area at 4 weeks was significantly lesser than at 2 weeks, and 8 weeks was significantly lesser than at 4 weeks. The DTD area was significantly lesser than Bio-Oss or β-TCP area at 8 weeks with P<0.05 (Fig. 7C ).
Discussion
The grafting material is an important determinant of the success or failure of bone augmentation procedures. The present study, we evaluated the new bone formation in rabbit's maxillary sinuses using histologic and histomorphometric analysis with blood clots, Bio-Oss, β-TCP, and DTD.
Blood clots have been shown to contain endogenous growth factors, such as platelet-derived growth factor, fibroblast growth factor, insulin like growth factor, and transforming growth factor beta [21] . In the previous studies, good bone regeneration has been obtained with blood clots alone, without additional bone graft materials [22] [23] [24] . However, our study showed that most of the newly formed bone in augmented sinus spaces had disappeared 8 weeks after blood-clots implantation. The space of augmented maxillary sinus remarkably decreased from 2 to 8 weeks. The air pressure moves the maxillary sinus membrane and affects the augmented bone structure [25] . The blood clots might not withstand the sinus pressure. In this study, blood clots alone showed a faster bone regeneration process, but we concluded that reduction of maxillary sinus space is insufficient to obtain sufficient amount of bone.
It requires the use of grafts to maintain the augmented space and to promote new bone formation [5, 26] . The present study, we observed the process of new bone formation in reconstructed maxillary sinuses using two bioactive materials, Bio-Oss and β-TCP. Bio-Oss is a low-resorbable deproteinized bovine xenograft, chemically and physically identical to human bone, in the form of cortical granules, presenting 75%-80% porosity and a large-mesh interconnecting macroand micropore system that facilitates angiogenesis and osteoblast migration [13] . β-TCP consists of 1-2-mm-diameter spherical granules of >99% of pure β tricalcium phosphate with 5-20 mm interconnecting micropores and 40%-50% porosity, being absorbed by a combination of hydrolytic and cellular degradation processes [27] . However, both materials have a slight difference in bone regeneration process. The BioOss particle is not replaced by new bone for a long time [28, 29] , on the other hand, β-TCP particle has a faster absorption rate [30] . In this study, new bone formation was revealed on the surface of Bio-Oss and β-TCP particles and bone density was significantly increased from 2 to 8 weeks. However, the percentage of bone formation was significantly increased in β-TCP grafted group than in Bio-Oss grafted group at 8 weeks, and the amount of graft materials were significantly decreased in β-TCP grafted group from 4 to 8 weeks. These results indicate that β-TCP showed better bone regeneration results in rabbit's maxillary sinus augmentation.
The DTD is known to show faster bone regeneration and higher bone reformation because it underwent slow resorption, and osteogenic properties of diverse growth factors are released from tooth dentin [18, 20, [31] [32] [33] [34] . In this study, significantly higher new bone formation was revealed in the DTD grafted group at 8 weeks because demineralized tooth dentin revealed gradual resorption by osteoclasts around tooth dentin, and the volume of the tooth graft reduced over time during the bone regeneration process. Compared with β-TCP, the amount of total bone containing mature lamellar bone was significantly increased and the amount of demineralized tooth dentin was significantly decreased. Since the allogenic use of demineralized dentin for bone regeneration in 1975, demineralized tooth dentin has been used as a novel bone graft as an alternative to the autogenous bone in block and particulate form [35] [36] [37] [38] [39] [40] . A tooth is composed of an organic matrix and an inorganic component as similar as the alveolar bone. Among the organic components in dentin, 90% type I collagens and diverse growth factors such as bone morphogenetic proteins are included [18, [41] [42] [43] . Among the inorganic components, hydroxyapatite and tricalcium phosphate show osteoconductive property and can be remodeled to bone when grafted [36] . Because noncollagenous proteins are known to trigger bone resorption and generation processes, phosphophoryn, sialoprotein, glycoprotein, proteoglycan, osteopontin, osteocalcin, and dentin matrix protein-1 S10 www.acbjournal.org https://doi.org/10.5115/acb.2018.51.S1.S1
are expressed in dentin, and these noncollagenous proteins in dentin and bone are known to play an important role in the mineralization of these tissues [44] [45] [46] [47] . Demineralized dentin is known to be more active in bone induction than mineralized dentin and decreases its antigenicity [19, 48] . In addition, the demineralization process lowers the high crystallinity of hydroxyapatite, which enhances osteoblast adhesion and increases the resorption rate of dentin material to allow bone remodeling after bone graft [49] . Among the various decalcification methods of dentin introduced by several researchers, demineralization of dentin using 0.6 N HCl revealed favorable osteoinduction and led to bone formation in muscle and skin connective tissues [48, [50] [51] [52] [53] [54] [55] [56] . Reducing crystallinity of hydroxyapatite is known to promote osteoblast adhesion [57] . High crystallinity of hydroxyapatite has osteoconductive property because complete bone remodeling is not achieved. Therefore, demineralization time of dentin is an important factor when reducing the crystallinity of hydroxyapatite. According to previous research on demineralization using the vacuum-ultrasonic device, 15-minute demineralization time for dentin was required because 15-minute decalcification maintains appropriate mineral content, crystallinity of hydroxyapatite, and organic structure for partially mineralized organic graft material [49] .
The present study used rabbits' maxillary sinuses, known to be similar to human sinuses, to compare new bone formation for various graft materials histologically in the sinus. This study suggests that demineralized tooth dentin can be effective graft materials for bone regeneration of the maxillary sinus augmentation.
